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ABSTRACT 
 
Development of a new technology for conversion of residual biomass into a liquid fuel via 
pyrolysis – gasification – gas cleaning – synthesis is the overall objective of the on-going bioliq® 
project. The present paper gives an overview on research activities dedicated to mathematical 
modeling of entrained-flow gasification for conversion of biomass-based suspension fuels into a 
medium calorific (LCV around 15 MJ/kg) synthesis gas. The objective is to identify knowledge gaps 
that currently prohibit a knowledge-based mathematical description of reacting high-pressure multi-
phase flows so as to model the bioliq® gasification reactor in particular and biomass conversion in 
entrained flow gasifiers in general.  Substantial knowledge gaps for high pressure process conditions 
have been identified for atomization of high viscous liquids, gasification chemistry for biomass-based 
fuels, radiative heat transfer as well as slag formation mechanisms. The paper proposes an 
interdisciplinary research approach in a holistic manner to close these gaps. 
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1. INTRODUCTION 
Low-grade energy resources (e.g. low rank coals, biomass, waste derived fuels, tar sands, oil 
shale) feature high heterogeneity, low calorific values and a high content of inert material. For 
utilization in efficient energy conversion processes, these energy resources have to be converted to 
high quality, process adapted, chemical energy carriers. The conversion of low-grade fossil and 
biogenic energy resources to syngas in a high-pressure entrained-flow gasification process opens a 
wide spectrum of applications for utilization of these low-grade feedstocks as both carbon and energy 
source. The produced syngas can be converted to basic chemicals (e.g. methanol,  DME  - dimethyl 
ether – CH3OCH3), gaseous fuels (Synthetic Natural Gas - SNG), liquid fuels (gasoline, diesel) or it 
can be fired in a gas turbine of an integrated gasification combined cycle power plant (IGCC) to  
generate electricity and heat. The combination of chemical synthesis and IGCC, the so called poly-
generation, provides maximum fuel- and product-flexibility at high overall energy conversion 
efficiencies. Since entrained-flow gasifiers operate at high pressure and produce a tar-free syngas, the 
produced syngas can be fed to subsequent process steps without further compression and measures to 
clean up the gas can be minimized.  
Entrained-flow gasification is the most widely employed gasification technology worldwide due 
to its advantage to produce a tar-free syngas at high pressure from a wide range of solid and liquid 
feedstocks [1]. The design and optimization of the technical systems is based on practical experience 
and coarse simulation tools.  The reactor design and the process optimization for more complex low-
grade fuels such as e.g. biomass-based chars, oils and suspension fuels (slurries) is very challenging 
due to the lack of in detail understanding of the different process steps governing such reacting high-
pressure multiphase systems.  
Development of a new technology for conversion of residual biomass with low energy density into a 
liquid fuel via pyrolysis – gasification – gas cleaning – synthesis is the overall objective of the on-
going bioliq® project [2, 3]. The present paper gives an overview on research activities under the 
umbrella of the Helmholtz Virtual Institute for Gasification Technology (HVIGasTech), dedicated to 
mathematical modeling of entrained-flow gasification as a process step for conversion of biomass 
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based suspension fuels into a synthesis gas [4, 5]. The bioliq® project contributes to the German 
energy transition process (Energiewende) [6]. The bioliq® high pressure entrained flow gasifier is 
operated at 5 MWthermal input and at a nominal pressure of 40 to 80 bar. Operation of the pilot scale 
process chain generates data for process optimization, scale-up and design of an industrial size unit. 
Simulation tools have proven to accelerate technology development and they play a key role in 
minimizing risks associated with scale-up. The objective of this paper is to identify knowledge gaps 
that currently prohibit a knowledge-based mathematical description of reacting high-pressure multi-
phase flows so as to model the bioliq® reactor in particular and fuel conversion in entrained-flow 
gasifiers in general. Such a task has been currently undertaken [7, 8] and action has been taken to close 
the gaps, as described below. It is then self-evident that numerous technical questions are going to be 
formulated in this paper and many will remain unanswered awaiting clarification through appropriate 
research.   
The entrained-flow gasifiers considered in this paper are being fed either with glycol or a slurry made 
out of glycol and bio-char (REGA- gasifier; see below) or with a bio-slurry (bioliq®  gasifier) 
produced in a fast pyrolysis process. The pyrolysis process delivers bio-oil and char (named in this 
paper as primary char) which are then mixed to produce a bio-slurry of a density around 1,200 kg/m3 
and LCV in the 16-22 MJ/kg range. A droplet of this slurry is then a droplet of the bio-oil which 
contains micron-size particles of the primary char. Details of the pyrolysis process and description of 
the slurry properties can be found elsewhere [9].  
 
2. SCIENTIFIC CHALLENGES  
 
In high-pressure entrained flow gasifiers the low-grade feedstock can be fed as pulverized solid 
fuel, as liquid, or liquid containing solid material (suspension fuel, slurry). The bioliq®oxygen-blown 
entrained flow gasifier is designed to operate at temperatures in excess of 1200 °C (1473 K) and 
pressures as high as 40 and 80 bar. The major scientific challenge is the mathematical modelling (and 
its experimental validation) of such a high-pressure reacting system consisting of gaseous, liquid and 
solid phases. In order to illustrate the sub-processes occurring in the entrained flow gasifier, Fig. 1 
shows the discrete phase trajectories obtained using simplified numerical simulations of a slurry-fed 
gasifier (see Fig. 13 in Ref [8]). Colours represent the different characteristic thermo-chemical 
processes for slurry gasification:  
  
(a) Atomization of the high viscous suspension to 
generate fine droplets containing one or more solid 
(primary char) particles. In the numerical simulations 
shown in Fig. 1, as a simplified approximation, each 
slurry droplet is considered to be formed by a solid core 
enveloped by a liquid droplet. The atomization process 
was not simulated, but instead the droplet size 
distribution was determined in the isothermal spray 
characterization experiments and introduced as inlet 
boundary condition into the simulation.  
(b) Evaporation (light blue) of the liquid 
components surrounding the solid core. 
 (c) Heating-up and Pyrolysis (orange) of the 
primary char particles. This sub-process is relatively fast 
and requires only milliseconds to complete. The process 
results in a solid particle denoted as secondary char, 
featuring different morphology and reactivity as compared to the original (primary char) solid particle 
of the feed flow. The secondary char may also contain solids generated from thermal degradation of 
the liquid phase.  
(d) Gasification (red) e.g. heterogeneous reactions of the secondary char with steam and carbon 
dioxide which may proceed in parallel with oxidation reactions 
 
Figure 1: Trajectories of the slurry 
droplets in an entrained flow gasifier [8] 
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(e) Slag pathway (dark blue) e.g. trajectories of the ash particles and their impact on the wall. At 
high temperatures, volatile ash components (e.g. sodium and potassium components) may evaporate 
and may be present in the gas-phase [10]. 
 During each of the above underlined process steps, gaseous components are released from the 
slurry droplet and char particle forming a gas mixture of spatially varying composition. Fig. 2 
schematically illustrates the coupling of heterogeneous and homogeneous thermo-chemical processes 
during gasification of a slurry droplet. As the heterogeneous conversion processes are generally 
slower, as compared to the homogeneous reactions, they are the rate determining steps. However, the 
homogeneous reactions determine the local temperature field which has an essential influence on the 
conversion rate of the solids (secondary char). The evaporated liquid phase components, the volatile 
matter of the solid-phase, as well as the gaseous products of thermal degradation react with oxygen in 
exothermic reactions leading to high local temperatures. As the amount of oxygen in the system is 
limited, the oxygen is mainly consumed by homogeneous reactions; the secondary chars react with 
CO2 and H2O in endothermic reactions leading to a decrease of local temperatures.  
 
Figure 2: Schematic representation of thermo-chemical sub-processes during entrained flow 
gasification of a slurry droplet 
 
Based on the general description provided above, technical and scientific key challenges 
associated with mathematical description of oxygen-blown entrained-flow gasification can be 
identified. In the following, major scientific issues connected with such challenges are discussed. 
 
 
2.1 Slurry feed / Atomization 
Efficient operation of an entrained-flow gasifier requires complete fuel conversion into a tar-free 
syngas at minimum oxygen consumption in order to maximize cold gas efficiency (CGE). To reach 
this goal, the slurry has to be distributed in a fine spray by the burner nozzle, as the droplet size 
distribution has a significant influence on fuel conversion and syngas quality [8]. Steam and oxygen 
are used as gasification media. These media are also utilized as atomization agent in twin-fluid 
nozzles. Since gasification reactions are to proceed at a pre-defined (low) stoichiometry, the amount of 
oxygen-steam available for atomization is limited and the atomizers are to operate at a low gas-to-
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liquid ratio (GLR). For biogenic feedstock the steam flow has to be minimized, due to the high oxygen 
content of the biomass-based fuel. 
Slurry, consisting of biogenic char suspended in pyrolysis oil condensate (Fig. 3), features 
viscosities of up to 1 Pas. Properties of such a slurry change with time unless strict measures are taken 
to prohibit sedimentation. Therefore handling of biogenic slurries is challenging. Atomization of such 
slurries must be performed at low velocity of the suspension in order to avoid abrasion in the atomizer 
nozzle which may occur due to the solid particles presence. The energy necessary for spray generation 
is then provided by the oxygen stream entering a twin-fluid atomizer. An additional challenge is the 
non-Newtonian behavior of suspensions resulting in variation of viscosity with the shear rate the 
suspension is subjected to during mixing, pumping and atomization.  
 In literature numerous studies concerning twin-fluid atomization of 
low viscous liquids at atmospheric pressure conditions are found e.g. using 
lab-scale spray-rigs [11] as well as full industrial-size sprays (300 kg/h oil 
flow rate) [12,13]. Generally, detailed investigations using state-of-the-art 
advanced measuring techniques reported on twin-fluid atomization at 
elevated pressures are scarce. Investigations on the influence of ambient 
pressure on atomization of low-viscous liquids have been performed [14-
16]. Different semi-empirical correlations for Sauter Mean Diameter 
(SMD) describing the droplet size distribution in the spray have been 
suggested. Nevertheless, the reported influence of the operational 
parameters on SMD from these correlations is sometimes inconsistent and 
in some cases even contradictory. The studies attempting to quantify the 
influence of non-Newtonian rheological behavior of liquids and 
suspensions on atomization process are rather rare [17-20], especially at 
high reactor pressure. Therefore, there is a need for comprehensive 
systematic investigations on the influence of operational parameters, especially pressure, and also of 
fluid rheology on twin-fluid atomization using advanced state-of-the art measuring techniques. Such 
experimental data on local spray quality are necessary as input data for CFD modeling of entrained 
flow gasification. 
 
2.2 Particle / droplet conversion 
The solid particles fed to the gasifier or liquid/slurry droplets released from the atomizer are 
converted through several thermo-chemical sub-processes (Fig. 2). When solid particles or slurry 
droplets are introduced into high temperature gas flow they are subjected to heating rates as high as 
104-105 K/s. The heating rate has an essential influence on the pyrolysis process affecting both, the 
composition of the volatiles and the morphology of the secondary char [21]. Thus, structure and 
reactivity of the secondary char actually involved in gasification reactions depend on heating rates and 
reactor temperatures. Subsequent heterogeneous conversion of this secondary char involves several 
sub-process steps, which may be more or less conversion rate determining, depending on reactor 
temperature and pressure as well as physical structure and chemical composition of the fuel [22].  
Apparent reaction rates of the char depend on transport of gaseous reactants from the gas-phase to 
the outer particle surface, on the intra-particle diffusion and on the chemical reaction rate at the char 
surface. At low temperatures the chemical reaction at the char inner and outer surface is the rate 
determining step (regime I). At higher temperatures pore diffusion within the char particles is limiting 
the conversion rate (regime II) [22-25]. At even higher temperatures the reaction rate is limited by 
mass transfer within the boundary layer surrounding the particle (regime III). The transition 
temperatures between these three regimes depend on properties of the solid particle, such as pore 
structure and reactivity. According to Roberts and Harris [26], expected transition temperatures 
between regime II and III are > 2000 K for CO2 and H2O gasification. This means that entrained-flow 
gasification of biomass chars takes place under regime I or regime II conditions. To describe the 
conversion process in these regimes, fuel data for chemical controlled conversion as well as 
information about physical structure and pore diffusion is mandatory. 
 
Figure 3: Biogenic 
slurry (30% char in 
pyrolysis oil) 
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Kinetic data for the conversion process of solid fuel particles in a gasification atmosphere, e.g. 
reactions of chars merely with CO2 and H2O, are available in literature for a number of coals, but the 
data for biomass chars are limited [27]. Such data are mainly derived from thermo-gravimetric 
analysis (TGA) at low heating rates (<1 K/s) and ambient pressure [28], whereas the data at elevated 
pressures are rather scarce. A tubular reactor was employed to observe the kinetic behavior of coal 
chars during gasification in a pressurized CO2 atmosphere in [29]. Besides the intrinsic rates of 
combustion and gasification reactions, which are influenced by the partial pressure of the reactants, the 
reactor (total) pressure significantly influences the devolatilization and therewith the morphology of 
the char produced [30, 31]. Thus, it is essential to extend the existing data-bases for biomass based 
fuels, by generating data concerning the pressure influence on gasification rates at elevated pressure.   
 
2.3 Slag 
To deal with the high ash content of low-grade fuels, an entrained flow gasifier for these fuels is 
typically equipped with a cooling screen. By maintaining the process temperature optimized to the 
slag melt properties of the specific fuel, a firmly adhering slag coat is applied to the refractory liner, 
protecting the material from chemical and thermal wear and the reactor from corrosion. Thus, the 
molten slag flows downwards along the reactor walls and is discharged as solid material into a water 
quench. In order to control the slag flow along the cooling screen and out of the reactor, the 
knowledge of chemical and physical properties of gasifier slags as a function of slag and gas-phase 
composition, temperature and pressure is necessary. 
Measurements on complex and reactive systems such as gasifier slags at high temperature are 
challenging and often not feasible for the range of composition, temperature, and pressure of 
technological interest. Computer based thermo-chemistry permits generation of results within a shorter 
time and at low costs while allowing variation of parameters such as temperature, pressure, and 
chemical composition of the system. Moreover, the thermodynamic properties shall only be calculated 
in the temperature, pressure and composition ranges of the experimental data on which the data 
assessment has been based, but extrapolations into extended regions are required. Current 
investigations have shown that the commercially available databases are not sufficient to model the 
complete slag and gas system of a biomass fed gasifier [32-34]. Therefore, a new database is 
necessary, optimized for slags from low-grade biogenic and fossil feedstock. 
Substantial efforts have been made to develop models for predicting viscosity of melts [35]. 
Temperature dependence of viscosity has been extensively investigated and numerous temperature-
related models have been developed among them the Arrhenius model being perhaps the most popular 
one. As the investigation of the temperature dependence itself is not sufficient, the effect of 
composition on viscosity is coupled to the viscosity models. Common models for silicate melts are for 
example the models of Shaw [36] and Urbain [37]. Since these models are semi-empirical and lack the 
sufficient consideration of the melt’s structure, they are only valid in their own compositional range. 
New attempts to calculate rheological properties of melts on basis of a thermodynamic description of 
the melt’s structure are under development [38, 39] and their suitability for complex fuel slags has to 
be proven.   
 
2.4 Heat transfer 
The reactor temperatures, affecting both fuel conversion rates (see Section 2.2) and slag flow (see 
Section 2.3), are determined by the rate of gas-phase chemical reactions proceeding in turbulent flow 
and by heat transfer. In high-pressure entrained-flow gasification, radiation is the dominant heat 
transfer mode due to both high temperatures and high pressures. Typically, the convective heat 
transfer amounts to not more than 10-20% of the overall heat transfer rate. Although carbon dioxide 
and water vapour remain the most important radiative gases, carbon monoxide’s contribution should 
also be taken into account. Moreover, (blackbody) radiation coming from the solid particles in the 
entrained flow gasifier, contributes to the total heat transfer rate. 
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There exist numerous methods for the calculation of spectral emissivities (or absorptivities) at 
atmospheric pressure and the most accurate ones are based on line-by-line calculations which utilize 
spectral data-bases such as HITEMP [40] or CDSD-1000 [41]. The RADCAL narrow-band model of 
Grosshandler [42] or the exponential-wide-band model of Edwards and Balakrishnan [43-45] are also 
in use. However, there are hardly any radiative property models available [46] which allow for 
calculating absorption coefficients and/or emissivities of CO2/H2O/CO/H2 mixtures at pressures as 
high as 40-80 bar. Typically, Hottel’s emissivity graphs [47] or Leckner’s [48, 49] correlations are 
used to estimate emissivities of gaseous mixtures containing carbon dioxide, carbon monoxide and 
water vapour. However, their usage requires extrapolations of unknown accuracy. Furthermore, 
absorption and scattering by droplets and solid particles has to be considered. This knowledge (model) 
gap must be closed if CFD-based mathematical models of high-pressure gasification processes were to 
become reliable. 
 
2.5. Numerical simulations of entrained-flow gasification 
Gasification in turbulent flows is multi-physics and multi-scale by nature which makes the 
numerical approach challenging. When the appropriate numerical algorithms are implemented highly 
non-linear processes can be coupled and tracked in time and space. Because of its computational 
efficiency and its adequate accuracy, the Reynolds-Averaged Navier-Strokes (RANS) method is used 
for time-averaging. The backbone for the numerical simulation is a CFD code which accurately 
captures details, from the fluid-flow through the gas inlet and the slurry injection system, and carries 
them over downstream where less geometrical complexities are encountered (see for example Ref. [50, 
51]). The task to create an efficient and comprehensive, RANS-based design tool for performance 
predictions of entrained-flow gasifiers requires input and development in several aspects: 
• A skeletal gas-phase reaction mechanism for gasification conditions must be developed and 
implemented, specifically for non-conventional fuels 
• The liquid/solid fuel and its mass and energy exchange with the gas-phase has to be modelled 
using either Lagrangian or Eulerian approach. A model/method for determination of 
droplets/particles diameter distribution and input velocities (see Section 2.1) is required. 
• A model for solid particles conversion (see Section 2.2) through heterogeneous reactions with 
CO2 and H2O has to be implemented. 
• Particles impacting on the walls will eventually be trapped in the slag. Equations for the 
movement of molten slag along the walls have to be incorporated into the CFD code. The heat 
transfer through the slag layer has to be accounted in order to determine in which phase 
(molten or solid) the slag remains. The slag viscosity, its composition and melt fraction are to 
be calculated using the new database to be developed (see Section 2.3). In other words, a slag 
sub-model is required. 
• In order to model reliably the heat transfer, new radiative property correlations (absorption 
and scattering coefficients), as described in Section 2.4, must be incorporated into the solution 
of the radiative heat transfer equation (RTE). 
While RANS methods might be sufficient as predictive tools for design of the downstream 
section, more detailed methods, like the Large Eddy Simulations (LES) approach, have to be used to 
develop sub-models of selected physical processes, such as:  
• atomization  
• vaporization of emulsions and suspensions 
• impingement of slag particles on the walls 
• turbulent dispersion of particles (liquid and solid).  
 
2.6 Experimental data for model development and validation 
Experimental data concerning operation of pilot-scale entrained flow gasifiers are essential for 
understanding of the process and for model development and validation. Due to both, the harsh 
conditions inside gasifiers (high pressure, high temperature, particles, and slag) and restricted 
accessibility for in-vessel measurements, the existing measurements are limited to determination of 
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input-output parameters (educts and products) of the process [52-57]. There are several research 
groups operating entrained-flow reactors in a bench-scale [58-60].  At the University of Utah semi-
pilot, an oxygen-blown pressurized entrained flow gasifier (30 bar, 1600oC, 500 kW, 1.5 ton/day) 
featuring good optical accessibility is available [61]. TU Bergakademie Freiberg operates a 5 MW(th) 
high pressure POX plant for syngas generation from gaseous and liquid hydro carbons at a typical fuel 
input of 500 kg/h [62]. The test facility of SIEMENS Fuel Gasification Technology GmbH & Co. KG 
includes an entrained flow gasification reactor with an output of 3-5 MW(th) at 30 bar, complemented 
by various conveying and feeding systems (300 kg/h) [63]. Entrained flow gasification of Black 
Liquor has been also investigated on a 3 MW, 30 bar pilot-scale facility [64].  
In the context of our work, the REGA gasifier [8] and the bioliq® pilot-scale gasifier [2,3] are 
used to generate experimental data for the development of mathematical sub-models and for 
evaluation of process simulation tools. The REGA experimental gasifier, operated at atmospheric 
pressure with a fuel flow rate of 10-15 kg/h, allows not only for input-output measurements but also 
for in-vessel measurements using both intrusive probes and non-intrusive laser based techniques (see 
Section 3.5). Thus, experiments are conducted using a wide spectrum of low-grade fuels at various 
operating conditions (stoichiometry, temperature, residence time) with detailed in-vessel mapping of 
the temperature and the species distribution. The bioliq® pilot scale facility allows for collecting data 
at gasification conditions of 40-80 bar pressure. Gas and solids samples are collected from the raw gas 
leaving the gasification process to evaluate the overall performance of the process as function of fuel 
specification and operational parameters (e.g. stoichiometry, atomization, pressure). Furthermore, an 
optical access to the reaction zone in this complex, pressurized, slagging system is provided for 
measurement of local temperature and species distribution. A possibility to derive local energy 
balances in order to estimate local heat flux to the cooling screen using experimental data exists and 
provides an excellent basis for model validation.    
Optical and laser-based measurement techniques are used regularly to investigate reacting 
(combusting) flows. A wide range of different techniques exist to measure a variety of different 
quantities like velocity, temperature, species concentrations, or particle density in a non-intrusive way. 
They deliver in-flame or in-vessel data and are valuable in both enhancing the understanding of the 
process and in producing data for validation of numerical simulations. Some of these measurement 
techniques can be used for online monitoring to deliver parameters for process control and 
optimization. Because of the harsh conditions inside a pressurized gasifier, adaptation of these 
measurement techniques is not straight forward. The first challenge is in providing an optical access so 
as to guarantee a signal of sufficiently high signal-to-noise-ratio. In short, application of these 
techniques to high pressure gasification requires further development and testing. Several 
measurement techniques have proven their usability in harsh combustion environments [65-68]. For 
example, emission spectroscopy e.g.. the spectrally resolved detection of the radiation emitted by the 
flame, yields information about chemiluminescent species, locations of heat release and possibly 
temperature and local stoichiometry. Absorption spectroscopy delivers information about the 
concentrations of molecular species and particle density. Laser-induced incandescence (LII) enables 
2D measurements of soot volume fraction [69]. Laser-induced breakdown spectroscopy (LIBS) yields 
the local atomic composition within a probe volume, from which information of the local mixture 
fraction and of the concentration of other species can be obtained [70]. In context of the present 
research concept, applicability of these measurement techniques to gasification processes is going to 
be tested using both REGA and bioliq® gasifiers. 
  
3. TACKLING THE CHALLENGES: SCIENTIFIC APPROACH  
As it has been pointed out in the introduction, the objective of the research work conducted under 
the scope of the Helmholtz Virtual Institute for Gasification Technology – HVIGasTech [7] is to 
derive and evaluate a numerical simulation tool for design and scale-up of industrial-scale high 
pressure entrained flow gasifiers. The integrated multi-scale, cross-disciplinary research approach 
addresses afore described challenges. It comprises three strongly cross-linked tasks, as shown in Fig. 
4:  
Data evaluation to generate input data for numerical simulation,  
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Detailed simulation of sub-processes and the overall gasification process and  
Validation based on experimental data collected at different scales.  
 
 
Figure 4: The research concept of Helmholtz Virtual Institute for Gasification 
Technology (HVIGasTech) 
 
 
3.1 Twin-fluid atomization 
The present work focuses on establishing the influence of liquid properties (dynamic viscosity, 
Newtonian / non-Newtonian rheological behavior) and operational parameters (pressure, gas-to-liquid 
ratio, injection velocities) on sprays generated by twin-fluid atomization. The work has been carried 
out at the Atmospheric Spray Test Rig (ATMO) [8] employing the line-of-sight laser diffraction drop 
size detector. Visualizations of the near nozzle jet disintegration have been captured by a high-speed 
camera. To investigate the influence of fluid rheology on the atomization process, different liquids 
with increasing rheological complexity are used. Glycerol of 99.5 wt.% purity (η = 1484 mPas at 20°C 
/ 293K) has been  diluted with pure water to obtain various Newtonian liquids with different dynamic 
viscosities in the range of 1 mPas (water) up to 160 mPas. Non-Newtonian liquids are being prepared 
by adding various amount of carboxymethylcellulose (CMC) to pure water. In order to observe the 
effect of shear thinning, the zero viscosity η0 = η(?̇?𝛾 → 0) of the non-Newtonian CMC/water solutions 
has been adjusted to the dynamic viscosity of the Newtonian glycerol/water solutions (50, 100 and 160 
mPas). 
The results are shown in Fig. 5. Generally, an increase of gas-to-liquid ratio (GLR) leads to a 
decrease of SMD for all fluids investigated. For high GLRs, corresponding to high aerodynamic 
forces, the effect of fluid rheology is minor. Nevertheless, for the entrained flow gasifier a GLR < 1 
range is relevant, as the amount of atomizing agent is limited by the process stoichiometry. In this 
GLR range the influence of fluid rheology is significant. Generally, an increase in dynamic viscosity 
leads to an increase in SMD. The shear-thinning liquids exhibit lower SMD values than the 
corresponding Newtonian liquids with the same zero dynamic viscosity. This is due to the lower actual 
viscosity at the high shear rates present at the nozzle exit.  
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Figure 5: Influence of fluid rheology on spray quality - SMD at 100 mm downstream 
from the atomizer for various gas-to-liquid ratio (GLR) 
 
In Fig. 6 the influence of different dynamic viscosities and rheological behavior on the primary jet 
breakup is illustrated. Whereas the breakup into droplets takes place in the near nozzle region for 
water (left), the increased dynamic viscosity of the glycerol/water mixture (middle) damps the jet 
disintegration. It can be seen that large liquid ligaments remain intact in the near nozzle region and 
then disintegrate into droplets further downstream as compared to the water spray. The visualization of 
jet breakup of the CMC/water – mixture shows more droplets and fewer ligaments. This is due to the 
shear-thinning behavior resulting in lower actual viscosity at the nozzle orifice. Such shear-thinning 
rheological behavior is characteristic for suspension fuels.  
Atomization at elevated pressures has been  investigated using the Pressurized Atomization Test 
Rig (PAT) [71]. To measure droplet size distribution and axial droplet velocity a 2D-fibre Phase-
Doppler-Anemometer (PDA) is used. The influence of reactor pressure on atomization of low viscous 
fluids (water) has been investigated by recording the local spray data for varying process parameters. 
In twin-fluid atomization the Weber number σρ /)( 2 jetrelativeair duWe ⋅⋅=  is used to correlate the 
Sauter Mean Diameter (SMD) with atomization fluid dynamics [11]. Therefore, the experiments are 
conducted at various reactor pressures, which are varied in a 2 – 21 bar range, while keeping the 
Weber number at a constant value. 
 
Figure 6: High-speed visualizations of the atomization process for fluids of different 
rheological complexity 
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Radial profiles of SMD and mean axial droplet velocity measured at 200 mm distance 
downstream of the nozzle are shown in Fig. 7. The data have been taken at 2 and 21 bar absolute 
pressure while keeping the Weber number constant at We = 500. A typical radial profile of the 
measured SMD, with a minimum located on the spray axis, as reported in the literature [72], can be 
observed in Fig. 7 for the 2 bar spray. At 21 bar pressure a quite uniform distribution of the SMD has 
been observed. Furthermore, the mean axial velocity of the droplets as a function of radial position and 
reactor pressure is shown. All profiles are axis-symmetric and in consequence, the spray pattern can be 
considered as rotationally symmetric. Furthermore, a smaller spray angle can be observed when the 21 
bar velocity profile is compared with the profile corresponding to 2 bar pressure. 
In order to compare the spray quality at different operational conditions, the measured local SMD 
values are used to determine an integral value ( intSMD ) weighted  with the local liquid mass flow
ilocalM ,  and the cross sectional area iA of the annulus in the spray cone resulting from the distance 
between two measurement points and the radius of the given measurement position as follows: 
 ∑ 





⋅
⋅
⋅
= ilocal
tottot
iilocal SMD
AM
AM
SMD ,
,
int 

 (1) 
The computed integral value ( intSMD  ) is also shown in Fig. 7 clearly indicating that a finer 
spray is obtained at lower reactor pressure for We = 500. An increase in pressure at a constant Weber 
number results in an increase of SMD which is in contradiction with typical correlations [11]. In the 
present study this effect has been observed for numerous data sets obtained at different values of 
Weber number while varying the pressure. 
 
 
Figure 7: Radial profiles of local SMD and droplet mean axial 
velocity 
 
Even though the atomization of low-viscous liquids has been thoroughly investigated, due to the 
rather unconventional approach of keeping the Weber number constant while varying the chamber 
pressure, the surprising behavior described above has been observed. This clearly illustrates the need 
for comprehensive systematic investigations on the influence of both operational parameters and fluid 
properties on twin-fluid atomization using advanced state-of-the art measuring techniques.  
 
 
3.2 Kinetic data for particle / droplet conversion at high pressure, high temperature and high 
heating rates 
As discussed in Section 2.2, kinetic data on particle conversion for biogenic solid and suspension 
fuels at relevant heating rates, high pressures and temperatures are available to a very limited extent 
only. To generate a first set of relevant data, the experiments have been conducted under atmospheric 
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conditions for a wide spectrum of heating rates, using a thermo-gravimetrical analyzer (TGA), a lab-
scale fluidized bed reactor (FBR) [73] and a drop tube reactor (DTR) [74].  
A thermo-balance operated at atmospheric pressure with heating rates up to 1 K/s and 
temperatures up to 1000 °C (1273 K) is used to determine kinetic parameters for different fuels. The 
apparatus consists of a high resolution micro-balance which records the mass loss of the fuel sample 
caused by gasification of the solid carbon. A fluidized bed reactor provides high heating rates 
(~104 K/s), at enhanced mass transfer at up to 1250 °C (1523 K) temperature. With this experimental 
setup, the influence of heating rates on the fuel conversion rate as well as on the products of 
conversion can be evaluated. Figs. 8 and 9 show the carbon conversion curves obtained using FBR and 
TGA, both operated at the same conditions (p, T, c). Two different fuels (Petcoke and a wood char) 
have been gasified in an oxygen-free, CO2 containing atmosphere. The temperature is kept low at 
900°C (1173 K) to ensure that the Boudouard reaction is the rate determining step (Regime I, see 
Section 2.1). 
 
 
 
 
 
 
Figure 8: Degree of conversion as a function of 
time for Petcoke gasification in FBR and TGA at 
Tgasif = 900 °C (1173 K) and pCO2 = 0.75 bar; 
balance gas: nitrogen 
Figure 9: Degree of conversion as a function of 
time for wood char gasification in FBR and TGA 
at Tgasif = 900 °C (1173 K) and pCO2 = 0.75 bar; 
balance gas: nitrogen 
 
 
Comparison of the FBR and the TGA results shows no significant difference for Petcoke, despite the 
very different heating rates that characterize the two reactors. On the other hand, the wood-char shows 
substantially different behaviour; the high heating rate in the FBR leads to a much more rapid initial 
conversion (up to around 80% completion). The wood-char has been produced at 500 °C (773 K) 
pyrolysis temperature and 5 minutes residence time. The detected slow initial conversion in the 
TGA can be attributed to a change of gas composition in the apparatus during the TGA experiments. 
Heating of the fuel sample in TGA is carried out under inert conditions. During the heating volatiles 
are released. Once the set temperature has been reached, a CO2 containing gas is introduced to 
measure gasification reaction kinetics under isothermal conditions. Thus, the gas atmosphere at the 
beginning of gasification deviates from the introduced gasification medium as it is being mixed with 
the volatiles released during the heating. This clearly indicates that in order to comprehend the 
gasification process, it is necessary to separate pyrolysis from char gasification. Such studies will be 
conducted under a systematical variation of heating rate, temperature, residence time and pressure. To 
this end one needs methods to produce secondary chars of low rank coal (lignite) and biomass fuels 
under pyrolysis conditions typical for a technical gasifiers. This finding is even more important if 
suspension fuels are applied as in the bioliq® plant. In drop-tube experiments with biomass based 
slurry, char cenospheres, as shown in Fig. 10, have been observed. The cenospheres are produced 
during primary pyrolysis of the suspension fuel droplet introduced by a nozzle. They consist of the 
secondary char particles and a char fraction produced by thermal cracking of the liquid which acts as a 
binding agent. 
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Following the primary and secondary pyrolysis 
the investigated fuel is subjected to various 
gasification atmospheres to determine the intrinsic 
kinetic data. Here, the effects of high temperatures, 
heating-rates and pressures are of major importance. 
To account for the effect of high reactor pressure on 
fuel reaction kinetics, measurements of reaction rates 
as well as continuous product gas analysis will be 
carried out in a high-pressure thermo-gravimetric 
analyzer. Experiments are going to be performed at 
pressures up to 40 bar with gas atmospheres 
containing CO2, CO, O2, H2 and H2O, in order to 
simulate conditions which are comparable to those 
occurring in the high pressure pilot-scale bioliq® 
gasifier (see Section 3.6).  
 
3.3 Modelling slag properties 
One of the major issues when operating an industrial-scale entrained flow gasifier in slagging 
mode is to ensure the continuous drainage of the molten slag out of the reactor. Therefore, the 
necessary process temperature, which determines the efficiency of the gasification process, is often 
determined by the properties of the slag. A reliable modelling tool with corresponding thermo-
chemical and thermo-physical databases for calculation of chemical and physical (rheological) 
properties of oxidic gasifier slags in dependence of slag and gas-phase composition, temperature, and 
pressure enables optimization of the gasifier operation. Such a tool also provides the necessary input 
data for development of slag sub-model needed in CFD-based numerical simulations (see Section 2.5). 
In recent years, the SiO2-Al2O3-MgO-CaO-Na2O-K2O system relevant for the development and 
production of refractory materials as well as for slag applications has been thermodynamically 
assessed using all available experimental data on phase equilibria and thermodynamic properties [75, 
76]. Self-consistent datasets have been established covering experimental information on all binary, 
ternary, and quaternary subsystems. The present research aims to extend this database by further 
oxides relevant to biomass slags (e.g. P2O5, FeO/Fe2O3). Thermodynamic data are derived, whereas 
missing data are experimentally determined. Activities of different species in the slag and the vapour 
pressures above the slag are determined by Knudsen Effusion Mass Spectrometry (KEMS) and 
Molecular Beam Mass Spectrometry (MBMS). Phase transitions, enthalpies, and heat capacities are 
obtained by means of thermal analysis (DTA, DSC, Drop-Calorimeter). Data from literature and own 
measurements are being evaluated with the purpose of setting up a consistent solution database. 
CALPHAD type modelling is used to treat the phase equilibria and the thermodynamic properties of 
the complex system. The Gibbs energy of the liquid-phase is modelled using a non-ideal associate 
solution description. The compositions of the pure liquid oxide species are chosen to have two moles 
of cations per associate thus keeping the successful method of Besmann and Spear [75]. 
Stoichiometric solids are treated with a simple G(T) function, whereas the compound energy 
formalism (CEF) is used for solid solutions. 
In addition to the thermochemical assessment, an Arrhenius-type model for the calculation of slag 
viscosities has recently been developed [76]. The model is based on the same structural units, e.g. the 
associates, as the one for the Gibbs-energy of the melt. Thus, a two-step calculation approach is 
introduced. First the equilibrium distribution of the associates in a melt with given overall composition 
is calculated, and then the resulting associate mole fractions are applied in a weighted sum of the 
logarithms of the associate viscosities as follows: 
 ln 𝜂𝜂 =�𝑥𝑥𝑖𝑖 ∗ ln 𝜂𝜂𝑖𝑖 =�𝑥𝑥𝑖𝑖 ∗ �𝐴𝐴𝑖𝑖 + 𝐵𝐵𝑖𝑖𝑇𝑇 �𝑁𝑁
𝑖𝑖
𝑁𝑁
𝑖𝑖
 
 
(2) 
 
 
Figure 10:  Char cenospheres generated 
from straw slurry in a drop-tube-reactor 
(1473 K, 1 bar) 
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where xi is the molar fraction of structural unit i; Ai and Bi are fitting parameters of structural unit i. 
Due to the possibility of polymerisation, x(SiO2) is divided into three types of SiO2, e.g.. small, 
intermediate and large.  
First successful applications for the CaO-MgO-Al2O3-SiO2 quaternary system covering both the 
charge compensation effect and the lubricant effect (near pure SiO2) have been demonstrated (Fig. 11). 
The charge compensation effect describes the fact, that alumina in combination with an alkali or 
alkaline earth oxide behaves as a network former resulting in an increased viscosity. The lubricant 
effect describes the fact that adding small amounts of other oxides to silica causes a steep decrease of 
viscosity due to depolymerisation. Fig. 11 shows a comparison of experimental literature data and 
predictions obtained using both the commercially available model implemented in the FactSage 
software and different versions of the present model, e.g. “Avramov model”, “original Arrhenius 
model”, and “Arrhenius model” which is the latest approach. The current model shows already 
improvements regarding the prediction of the charge compensation effect and the lubricant effect 
compared to the original Arrhenius model, but further developments are needed. Furthermore, the 
database will be extended to a slag-relevant multi-component system covering all oxides present in the 
thermodynamic database. Therefore, relevant viscosity data will be investigated while missing data 
will be measured by high temperature rotational viscosimetry. The viscosity data, as well as the phase 
diagrams concerning bio-ashes, are needed to determine the sticking efficiency of ash particles 
impacting on the wall either through applying a viscosity criterion or a melting fraction criterion [77]. 
Such criteria are essential in developing a slag sub-model (see Sections 2.3 and 2.5). Specific 
experiments are planned to measure the molten slag thermal conductivity.  
 
 
                 
Charge  
compensation 
effect 
 
Figure 11: Comparison between experimental data and model predictions in the SiO2-Al2O3-CaO 
system (left) and in the SiO2-Al2O3 system (right) 
 
 
3.4 Modelling gas radiation 
As discussed in Section 2.4, radiative property models which allow for time efficient computation 
of absorption coefficient and/or emissivity of CO2/H2O/CO/H2 mixtures at pressures as high as 40-80 
bar are hardly available. They are necessary to reliably model heat transfer in high pressure entrained 
flow gasification using CFD-based simulation tools. Fig. 12 shows the emissive power calculated by 
the line-by-line model at atmospheric and 80 bar pressure for a gas mixture which is typical for 
gasification. Here again, the distinctly different character of high pressure radiation is visible. Due to 
the stronger line broadening of the absorption lines at elevated pressures, the absorption bands become 
broader and begin to overlap one another. Moreover, at 80 bar total pressure the emissivity spectrum is 
smoother if compared to the highly varying spectrum at 1 bar pressure. These effects cause an increase 
of the total emissivity with the total pressure. 
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Figure 12: Comparison of spectral emissive power of a gas mixture 
containing of H2O, CO2, and CO at ambient pressure and 80 atm  
 
The work has begun with a validation of HITEMP [40] and CDSD [41] data-bases using the 
(atmospheric pressure) CO2 transmissivity data measured by Bharadwaj and Modest [78, 79]. Fig. 13 
shows an example of such a comparison while details can be found in Ref. [80]. Good agreement [80] 
between the measured and computed transmissivities has been obtained (see also Ref. [81, 82]). To 
extend the confidence in the predictions, additional measurements, spanning the entire spectral region 
from 1 to 20 microns and at temperatures as high as 1700 K, have been acquired for CO2 / H2O / N2 
mixtures. The line-by-line calculated spectral and total emissivity are in excellent agreement with the 
measurements and the largest deviation of 9% has been observed in case of water vapour total 
emissivities at 1770 K temperature [83]. Carbon dioxide emissivities at pressures up to 40 bar have 
been recently computed [84] using the line-by-line method and appropriate look-up-tables have been 
generated extending Hottel’s graph to 40-bar pressure and validating Leckner’s correlations, as shown 
in Fig. 14. Current work focuses on water vapour at high pressures. Once the scaling with both, 
temperature and pressure is accurate, a model for predicting total gas emissivity for H2O / CO2 / CO / 
H2 mixtures will be incorporated in the CFD code. 
 
 
 
 
Figure 13: Spectral transmissivity (left) and band emissivity (right) of the 2.7 μm band of pure CO2 at 
1300 K and 50 cm pathlength 
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Figure 14: CO2 emissivity at elevated pressure calculated using the line-by-line method, Hottel’s 
graphs [47] extrapolated to high pressure and Leckner’s correlations [48]; 1700 K is a typical 
gasification temperature  
 
3.5 Bench-scale experiments on entrained-flow gasification at atmospheric pressure  
The atmospheric bench-scale Research Entrained Flow Gasifier, REGA (Fig. 15) enables a 
comprehensive experimental investigation at well-defined boundary conditions and flexible 
independent variation of experimental parameters. The facility operates at 10-15 kg/h fuel input (see 
Table 1 and Fig.15).   The reactor consists of a ceramic tube with an inner diameter of 0.28 m and a 
length of 3 m. The heat loss of the system is minimized by electric heating of the reactor walls up to 
1200 °C (1473 K). The burner is equipped with an external mixing nozzle for the atomization of high 
viscous fuels, such as biomass based slurry generated by pyrolysis of biomass. Along the reactor 
flanges are mounted for sampling probes and optical access to the reacting gas-phase. The burner is 
vertically moveable which enables measurement of radial profiles at variable distances from the 
nozzle. The gasification process can thus be monitored by local temperature and gas-phase 
composition mapping. After sampling and quenching the gas is analysed to determine the 
concentrations of CO, CO2, H2, H2O, O2, CH4 and organic carbon (Corg). The amount of oxygen can be 
varied from 21 to 90 vol %. Furthermore, optical accessibility of the test rig allows for the application 
of laser-based measurement techniques.  
The REGA experiments aim at an improved understanding of the gasification process of a solid 
fuel suspended in a liquid carrier medium. Initial measurements have been conducted using a model 
fuel of well-defined composition rather than complex oil slurries fed to industrial units.  For this 
purpose ethylene glycol has been chosen as its C:H:O ratio is similar to that of biogenic slurry 
feedstock. Thus, experiments are carried out with glycol and glycol based suspensions of different 
biogenic chars. The comparison of gas concentrations measured during the gasification of glycol and 
slurry consisting of 20% beechwood-char and 80% glycol is shown in Fig. 16.  Radial profiles of 
species concentrations have been measured 682 mm downstream of the burner. The experimental 
conditions are set up so as to obtain the same residence time and the same adiabatic temperature for 
both fuels (see Table 1). The spray generated by the employed twin-fluid external-mixing nozzles has 
been characterized at isothermal conditions measuring the integral Sauter mean diameter ( intSMD ) by 
means of laser diffraction. At the operating conditions specified in Table 1, the glycol spray features 
intSMD  of 35 µm, whereas the slurry spray is characterized by larger droplets with intSMD = 57 µm.  
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Table 1: Operating conditions of REGA bench-scale gasifier 
   (Slurry – 20% beechwood-char and 80% glycol) 
  Glycol Slurry 
ṁfuel [kg /h] 12.56  12.56  
Vair [Nm³/h] 12  12  
xO2 [%] 53.8 % 55.7  
Stoichiometry 0.57 0.51 
VSyngas [Nm³/h] 29.5  29.5  
𝑇𝑇ad [K] 1973 1973 
 
The radial profiles of methane and organic carbon concentrations given in Fig. 16 clearly show 
that these intermediates are produced in higher concentrations when the solid-phase is suspended in 
glycol. When glycol is gasified, methane and organic carbon are measured at the gasifier outlet to be 
0.009 vol % and 37 mg/Nm3, respectively. During slurry gasification 0.065 vol % methane and 397 
mg/Nm3 organic carbon are detected in the syngas exiting the gasifier. This type of data will be used as 
a basis for the development of fuel conversion models and for the evaluation of numerical simulation 
tools for slurry gasification. Experiments for a wide range of fuels (biogenic and fossil) and reactor 
conditions are in progress.  
 
 
 
Figure 15: Process flow sheet of the Research 
Entrained Flow Gasifier (REGA) 
Figure 16: Radial concentration profiles of CH4 
and organic carbon when pure glycol and 
glycol/wood-char slurry are gasified (minus sign 
means deviation from the gasifier axis which  is 
at zero radial position) 
 
 
3.6 Experiments on high pressure gasification (pilot-scale) 
At Karlsruhe Institute of Technology (KIT) the biomass-to-liquid (BtL) pilot plant (bioliq®) is in 
operation [2]. The entrained flow gasifier designed for 5 MWth (e.g. 1000 kg/h fuel feed) input which 
operates at a nominal pressure of 40 or 80 bar (Fig. 17) is fed with pumpable, high viscous slurry 
produced from straw via flash pyrolysis. The slurry is introduced into the reaction chamber by an 
oxygen/steam assisted twin-fluid atomizer. The reaction chamber is equipped with a water-cooled 
membrane wall. The slag is deposited on the refractory lining of the membrane wall and flows 
downwards to the exit of the gasifier where it is removed from the reactor via a pressure lock (Fig. 
17).  
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Typical temperatures at the reactor outlet are in the 1300 to 1500 K range, whereas temperatures 
in the flame zone may exceed 2000 K due to the reaction of fuel with oxygen. Overall residence times 
are of the order of 8 to 10 seconds. The hot syngas enters a water quench zone at the gasifier exit 
where it is cooled down to about 500 K before it is processed further. The reactor is equipped with gas 
and solids sampling probes in the raw syngas duct allowing for an evaluation of the overall 
performance of the process as function of fuel specification and operational parameters (e.g. 
stoichiometry, atomization, pressure). Furthermore, an optical access to the reaction zone in the lower 
part of the reactor is provided (Fig. 17) where the measurement techniques developed within 
HVIGasTech (Section 3.7) will be applied.  The choice of the measurement techniques will be based 
on the experience gained at the REGA test rig (Section 3.5). 
The gasifier is designed to derive global and local mass and energy balances and to observe 
syngas quality, slagging behavior and other relevant process parameters for a wide spectrum of fuels. 
The membrane wall of the reactor is segmented (Fig. 17). Each segment is instrumented to derive local 
energy balances so that the local heat flux to the wall can be estimated using the experimental data. 
Such heat transfer data are valuable in validating the numerical simulation (Section 3.9).  
 
Figure 17: bioliq® high pressure entrained flow gasifier  
 
3.7 Development and application of diagnostic techniques 
Laser-induced incandescence (LII) has been applied to the REGA gasifier operated with slurries 
of ethylene glycol (EG) and fine particles of biogenic char. LII allows monitoring soot particles of 
nanometer size while being insensitive to much larger char particles in the µm range. The 
measurements show that during glycol gasification no soot particles are formed at the conditions 
studied. However, feeding the gasifier with glycol/biochar slurry leads to soot production. Detected 
particles have sizes of approx. 15-20 nm and appear in very low concentrations and homogeneous 
spatial distribution (Fig. 18-bottom). Distinct soot filaments known from rich combustion processes 
[68] are not identified, at least in the location of optical access 300 mm downstream the nozzle. While 
LII is susceptible to nanometer size particles present in the exciting laser sheet, char particles can be 
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identified by their luminosity when hotter than the reactor ambience (Fig. 18 top) without using an 
excitation source. Those travel in larger lumps through the measurement volume and are detectable 
with the intensified CCD camera employed, but do not respond to laser excitation fluencies used for 
LII excitation of soot particles. Thus, char particle cloud luminosity appears line-of-sight-integrated 
with respect to the field of view of the camera, and spatially resolved in both other dimensions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Various measurement techniques beside the here-presented LII are currently being developed and 
adapted at the REGA such as, Laser-induced breakdown spectroscopy (LIBS) and absorption/emission 
spectroscopy. Once optimized at atmospheric conditions those measurement techniques will be 
applied to the pressurized pilot-scale bioliq®-gasifier (Section 3.6). 
 
 
3.8 Detailed modelling of single physical processes using Large Eddy Simulations (LES)  
The ultimate goal of the application of LES is the development of accurate models for the 
simulation of unsteady, multiphase flows including heterogeneous reactions in the near-burner region 
of the gasifier. Nevertheless, LES calculations nowadays are still too expensive to be used as industrial 
design tool. The major benefit of LES is the numerical investigation of important sub-processes like 
fuel atomization, turbulent dispersion of fuel and slag particles. In particular, numerical methods for 
the dispersion and vaporization of the liquid fuel (slurry) droplets are being developed and validated. 
Data available in the literature, and measurements obtained from the investigations described in 
Sections 3.1 – 3.7, are used for model verification and validation. 
The CFD platform, which is applied and further developed here for LES calculations, is the DLR 
(Deutsches Zentrum für Luft- und Raumfahrt) combustion code THETA coupled with the DLR 
Lagrangian spraycode SPRAYSIM [85-87]. It is based on a hybrid Lagrangian-Eulerian method for 
the simulation of multi-phase reacting flows such as those encountered in gasification processes. A 
description of the capabilities and numerical methods of THETA are given by [88]. A specification of 
the RANS and LES turbulence models which are available in THETA can be found in [89]. In the 
present work a direct detailed chemistry model, which solves a transport equation for each of the 
reaction species is employed in conjunction with a stiff chemistry solver [90]. Thus, for example, 
 
Figure 18: LII measurements during gasification of slurry containing 20% 
beechwood-char / 80% glycol.  Reaction zone and char luminosity inside 
REGA recorded with fish-eye lens without laser illumination (top). Averaged 
incandescence of soot particles in the laser sheet (bottom) following pulsed 
excitation 
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calculations based on different ethylene glycol chemical reaction models [91] enable identifying the 
most adequate model for the mixture, temperature and pressure conditions encountered in the gasifier. 
 
The SPRAYSIM code is equipped with various models for numerical simulations of liquid fuel 
primary and secondary atomization, droplet transport and vaporization. Concerning vaporization, 
several models are available for homogeneous mixtures and discrete species as well as the effective 
Continuous Thermodynamics Model CTM are included in SPRAYSIM [92]. Additionally, models for 
the vaporization of emulsions and suspensions are being developed.  SPRAYSIM/CTM method was 
applied to compare the droplet vaporization of glycol used as a model fuel for initial gasification 
studies in the present work with other conventional fuels and is shown in Fig. 19 where the droplet 
vaporization of different fuels is considered. It is obvious that glycol evaporates slowly compared to 
the other fuels. Furthermore, non-reacting computation of a glycol spray introduced into the geometry 
of the REGA reactor (Section 3.5) with heated walls has been conducted to observe the droplet 
trajectories and the droplet size variation during evaporation (Fig. 20). The spray injected into the 
reactor is described with the droplet size distribution measured by means of laser diffraction 
spectrometry using the REGA nozzle (see Section 3.1). This non-reacting computation shows that a 
substantial amount of fuel has vaporized in the early stages of the droplet trajectories, which is 
favourable for ignition. The trajectories also show the effect of turbulent dispersion.  
 
 
 
Figure 19: Spray evaporation of different fuels  Figure 20: Glycol droplet temperature along the 
trajectories and gas temperature in the axial plane 
of the REGA test-rig.  
 
 
3.9 RANS simulations of entrained-flow gasification 
A CFD model has been developed to simulate gasification of glycol in the REGA bench-scale 
gasifier. The model is based on the RANS approach in which steady-state balance equations for mass, 
momentum, energy and species are solved using a finite volume solver. The turbulence is taken into 
account solving for the Favre averaged variables and the closure is achieved using the Reynolds Stress 
Model [93]. The heat transferred to the walls is calculated considering convective and radiative 
exchange locally, at each cell adjacent to a wall. The convective heat transfer is calculated using wall 
functions [94] while the incoming radiation at each position on the wall is calculated solving the 
Radiative Transfer Equation (RTE) using the Discrete Ordinate (DO) method. Trajectories of glycol 
droplets are computed using Lagrangian tracking with turbulent fluctuations included. Droplet size 
distribution used in the computation was measured for the experimentally investigated nozzle and 
operating conditions, as described in Section 3.1.  
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After being heated up, glycol droplets evaporate producing vapour which in the model decomposes to 
CO, CH4, H2O and H2. Two mechanisms have been used for gas-phase kinetics and in Figs. 21 and 22 
these are marked as M-1 and M-2.  In the first mechanism (M-1) methane is oxidized according to the 
4-step mechanism [95] which is complemented by the water-gas-shift reaction. In the second 
mechanism (M-2) methane oxidation proceeds following the 2-step mechanism [96]. The influence of 
the fluctuations and un-mixedness on reaction rates is calculated using the Eddy Dissipation Concept 
(EDC) [97, 98,99].  
In Figs. 21 and 22 the results of the calculations are compared with the measurements performed 
in the REGA facility (see Section 3.5) when pure glycol is gasified for operating conditions listed in 
Table 1. Fig. 21 shows the comparison for the temperature profile taken at x = 680 mm traverse 
downstream of the burner while Fig. 22 reports the comparison for the radial concentration profile of 
H2, CO and CO2 at the same measurement position. Both mechanisms provide a good agreement as far 
as the measured temperatures are concerned. Differences can be seen in the prediction of the main 
species concentrations. Although the differences are not exceedingly large, a better agreement can be 
found when the 4-steps (M-1) mechanism is used. A deeper analysis of the results shows that the local 
stoichiometry and the rate of the water gas shift reaction are among the most important modelling 
parameters affecting the quality of the predictions. The local stoichiometry is determined by the 
amount of glycol evaporated and by the mixing between the glycol jet, the coaxial gas flow and the 
outer gas recirculation zone. It has been found that the RSM turbulence model produces a good 
prediction of the mixing process and of the recirculation zone. The evaporation rate is strongly 
dependent on the properties of the glycol, mainly the saturated vapour pressure and the molecular 
diffusion of the evaporated gas. 
 
 
 
 
Figure 21: Glycol gasification - radial temperature profile at the distance of 680 mm 
downstream of  the burner   
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Figure 22: Glycol gasification -  measured and predicted H2, CO and CO2 volume 
fractions  at 680 mm downstream of the burner  
 
Further development of the present model to incorporate realistic models of slurry atomization, 
evaporation and heterogeneous reaction of secondary char produced during pyrolysis step in an 
entrained flow gasifier at high pressure will be based on the findings and theoretical models developed 
from the research activities described in the Sections 3.1 – 3.8. Therewith, a knowledge-based 
comprehensive engineering tool for the quantitative description of the total gasification process 
enabling the design and scale-up of technical entrained flow gasifiers for a wide range of feedstock 
will be developed and validated using unique data sets collected at pilot-scale and at high pressure. 
 
 
4. FINAL REMARKS  
The reactor design and the process optimization for complex low-grade fuels such as e.g. 
biomass-based chars, oils and suspension fuels (slurries) is very challenging due to the lack of in detail 
understanding of the different thermo-chemical process steps governing such reacting high-pressure 
multiphase systems.  
Various knowledge gaps exist in understanding twin-fluid atomization of high viscous non-Newtonian 
suspension fuels as well as homogeneous and heterogeneous reaction mechanisms and ash/slag 
formation at pressures as high as 80 bar. Although methods for computing radiative heat transfer at 
atmospheric pressure exist and their application to high pressure is rather straight forward, there is 
hardly any information available concerning absorption coefficients and emissivities of 
CO2/H2O/CO/H2 mixtures with suspended oil/solid particles, which are typical for the gasification 
process. In order to understand the complex interactions between the mentioned processes during 
entrained-flow gasification, experimental investigations under systematic variation of fuel 
specification and process parameters are necessary. Detailed process mapping based on experimental 
data from lab- to pilot-scale is crucial in order to develop a detailed process understanding and provide 
a comprehensive data basis for the validation of numerical simulations. This also implies the 
development of advanced optical and laser-based measurement techniques applicable under the harsh 
conditions of entrained flow gasifiers.  In the present paper the research activities under the umbrella 
of the Helmholtz Virtual Institute for Gasification Technology (HVIGasTech) are shown. They are 
dedicated to the mathematical modeling of the entrained-flow gasification process, aiming at the 
development of a CFD-based software package for optimization and scale-up of the bioliq® entrained 
flow gasifier in particular, and high-pressure entrained-flow gasification of low-grade feedstock in 
general.  
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